Many Saccharomyces cerevisiae duplicate genes that were derived from an ancient whole-genome duplication (WGD) unexpectedly show a small synonymous divergence (K S), a higher sequence similarity to each other than to orthologues in Saccharomyces bayanus, or slow evolution compared with the orthologue in Kluyveromyces waltii, a non-WGD species. This decelerated evolution was attributed to gene conversion between duplicates. Using Ϸ300 WGD gene pairs in four species and their orthologues in non-WGD species, we show that codon-usage bias and proteinsequence conservation are two important causes for decelerated evolution of duplicate genes, whereas gene conversion is effective only in the presence of strong codon-usage bias or proteinsequence conservation. Furthermore, we find that change in mutation pattern or in tDNA copy number changed codon-usage bias and increased the K S distance between K. waltii and S. cerevisiae. Intriguingly, some proteins showed fast evolution before the radiation of WGD species but little or no sequence divergence between orthologues and paralogues thereafter, indicating that functional conservation after the radiation may also be responsible for decelerated evolution in duplicates.
G
ene conversion has been extensively studied in yeast (1, 2) . Recently, Kellis et al. (3) identified 60 gene pairs in Saccharomyces cerevisiae that were derived from an ancient wholegenome duplication (WGD) but showed a small sequence divergence. Kellis et al. (3) suggested that these genes have undergone gene conversion for three reasons. First, in 90% of the cases, both paralogues show decelerated evolution (at least 50% slower than the orthologue in Kluyveromyces waltii). Second, nucleotides at fourfold-degenerate codon positions for these genes are highly conserved. Third, in approximately half of the cases, the two paralogues in S. cerevisiae are closer in sequence to each other than either is to its syntenic orthologue in Saccharomyces bayanus. Similarly, Gao and Innan (4) attributed the small synonymous divergence (K S ) between ancient duplicated genes in yeast to gene conversion. However, we found that most WGD gene pairs with decelerated evolution (3) have an extremely strong codon-usage bias (Fig. 4 , which is published as supporting information on the PNAS web site). Codon-usage bias is known to increase with gene-expression level (5, 6) and can slow down synonymous divergence between duplicate genes (7) . Therefore, we investigated whether gene conversion or codon-usage bias was more important for the decelerated evolution.
Results and Discussion
We first use the hypothetical trees in Fig. 1 a-d to explain that a gene-conversion event can distort the branch lengths and the topology of the phylogeny of duplicate genes and their orthologues among species. For example, the distance between paralogues ␣ and a is expected to be longer than that between orthologues ␣ and ␤ (Fig. 1a) , but the opposite is true in Fig. 1b because of a gene-conversion event. To see how often such a situation has occurred in yeast duplicate genes, we studied Ϸ300 WGD gene pairs in S. cerevisiae and their syntenic orthologues from three related species, S. bayanus, Saccharomyces mikatae and Saccharomyces paradoxus (8) . Because the WGD occurred before the radiation of these species, in the absence of gene conversion, the synonymous distance (K S ) is expected to be larger between S. cerevisiae paralogues than between orthologues in different species. We find that this expectation indeed holds in most cases, with 93.4% of duplicate pairs in S. cerevisiae having a paralogous K S greater than or equal to the K S between orthologues (Fig. 1e ). This result indicates that only in a small proportion of these WGD duplicate genes has the tree topology been distorted by gene conversion, because only when a point is below the line in Fig. 1e would a distortion in topology have occurred. Interestingly, most S. cerevisiae paralogous pairs with a small K S also show a small K S between orthologues, and many have a high codon-adaptation index (CAI) value (a large circle in Fig. 1e ), a measure of codon-usage bias (9) . This analysis suggests that decelerated evolution of S. cerevisiae paralogues is, at least in part, due to biased codon usage, which serves as an evolutionary constraint (7, 10) .
We now use two examples to illustrate different effects of gene conversion and codon-usage bias on the evolution of duplicate genes. The first one is the gene pair YGR138C͞YPR156C, indicated by the red arrow in Fig. 1e . The small circle indicates that these two genes have a weak codon-usage bias (CAI 0.310͞0.261), which is also reflected in the large K S distance between orthologues. However, contrary to expectation, the K S distance between the two S. cerevisiae paralogues is smaller than those between orthologues (Fig. 1e) , suggesting that gene conversion has occurred between the two S. cerevisiae paralogues. Indeed, the phylogenetic tree in Fig. 1f shows that the paralogues in each of the first three species are clustered, indicating gene conversions in these species after speciation. The second example is the gene pair YML063W͞YLR441C, indicated by the green arrow in Fig. 1e . The large circle indicates a strong codon-usage bias (CAI 0.769͞0.696), which is reflected by small K S values between orthologues and between paralogues. The tree topology is as expected (Fig. 1g) , so it provides no evidence of gene conversion. Despite this, the tree branches in Fig. 1g are, in general, much shorter than those in Fig. 1f . Clearly, codonusage bias can slow down sequence evolution in the entire tree, whereas gene conversion can shorten only sequence divergences between paralogues but not those between syntenic orthologues.
To pursue the analysis further, we reconsidered the 66 duplicate gene pairs identified by Gao and Innan (4) to have a small K S between S. cerevisiae paralogues. We found that 57 of them were duplicated before the divergence between S. cerevisiae and S. bayanus, and only one of these 57 pairs (YGL147C͞ YNL067W) is not from WGD (3, 11) . In the 57 phylogenies for these 57 pairs, only 8 pairs showed a completely distorted tree topology (suggesting conversion in all lineages) like Fig. 1f , 23 pairs showed a partially distorted topology, and approximately half of them (26 pairs) showed no topology distortion (Table 3 , which is published as supporting information on the PNAS web site). We note that, with the exception of two (YDL131W͞ YDL182W and YDR312W͞YHR066W), all 57 pairs have a strong codon-usage bias (CAI Ͼ 0.5). Therefore, in many of these gene pairs, the small K S values between S. cerevisiae paralogues (and between orthologues) might be largely due to strong codon-usage bias constraint.
The above phylogenetic analysis, however, is not powerful enough for detecting all gene-conversion events, because conversion events involving only a small DNA region are unlikely to change the tree topology. For this purpose, we have developed a statistical method to detect gene-conversion events and have applied it to Ϸ300 WGD duplicate gene pairs in S. cerevisiae, S. paradoxus, S. mikatae, and S. bayanus. Our main purpose is to see whether gene conversion occurred primarily in high-CAI genes. Indeed, Table 1 shows that approximately half of the genes with CAI Ն 0.7 have undergone gene-conversion events, whereas only 2% of the genes with CAI Ͻ 0.5 have conversions (P Ͻ 10 Ϫ8 for all species). Apparently, codon-usage bias increases the rate of gene conversion by reducing the rate of sequence divergence. In the absence of strong codon-usage bias, synonymous divergence between duplicate genes increases with time, and the chance of gene conversion is concomitantly reduced. 
Only detected conversion events longer than 20 bp were reported.
Another intriguing observation was that, for most duplicate gene pairs that show a small protein distance, the divergence between the K. waltii-Ashbya gossypii and Saccharomyces sensu stricto species lineages is much longer (e.g., Fig. 2 ). This observation has been taken as evidence of gene conversion in the Saccharomyces species under study (3) . However, we notice that, in these genes, the protein distances are short not only between paralogues in the same species but also between orthologues in different WGD species, indicating that proteinsequence conservation, rather than gene conversion, was the major cause of decelerated evolution. In the period immediately after the WGD event, the duplicate proteins had apparently evolved rather rapidly (Fig. 2) , likely because of relaxed functional constraints after WGD or the emergence of anaerobic growth, which has been found to be connected with cis-regulatory element evolution (12) . During this period, gene conversion might have played a key role in maintaining the sequence similarity between the two paralogues. However, the rate of evolution had evidently become very slow before the radiation of the four Saccharomyces species (Fig. 2) , largely explaining why the sequence divergence is small between not only paralogues but also orthologues.
As for synonymous substitutions, previous studies showed that overlooking nucleotide-composition differences (13) or codon-usage patterns (14) among sequences can mislead phylogenetic reconstruction. An examination of the codon-usage patterns reveals that genes in K. waltii and A. gossypii have a stronger preference for G and C at third-codon positions than genes in the four Saccharomyces species (Table 2) , perhaps one reason for the large K S values in highly expressed genes between the K. waltii-A. gossypii lineage and the Saccharomyces lineage.
It was proposed that codon-usage bias is generally correlated with overall genome GC content, which is largely determined by mutational processes (15) . Moreover, in most prokaryotic genomes, codons that are favored in highly expressed genes are well conserved (16) . In our analysis, the codon preferences for these yeast species also agree with their genome GC content, i.e., 44% and 52% for K. waltii and A. gossypii and 38% Ϸ 40% for the four Saccharomyces species. However, although most-favored codons are the same among these species (Table 4) , we found a switch of the preferred codon of glutamine (Gln) between CAA and CAG and a switch of the preferred codon of glutamic acid (Glu) between GAA and GAG between S. cerevisiae and A. gossypii. As shown in Table 2 , these switches might be due to changes in tDNA gene copy number. For instance, the numbers of tDNAGlu genes for anticodons TTC and CTC are 14 and 2 in S. cerevisiae but 3 and 8 in A. gossypii, and this may explain why the GAA codon is preferred in S. cerevisiae, whereas GAG is preferred in A. gossypii. Such a difference in codon preference can increase the synonymous distance between species. The Favored codons in highly expressed genes relative to less expressed genes are shown in bold (P Ͻ 0.05). See Tables 4 and 5 , which are published as supporting information on the PNAS web site, for a full list of relative frequencies of codon usage.
tDNA gene phylogeny suggests that the change of gene copy number can be derived from a point mutation at anticodon or from duplication͞deletion of tDNA genes in the genome (Fig. 3) .
Codon-usage bias is a compromise between compositional constraint (genomic GC content) and natural selection acting at the level of translation (17) (18) (19) . If these two forces act in the same direction, for example, a preferred codon ending in G or C in a GC-rich genome, codon-usage bias could be extremely strong for highly expressed genes. On the other hand, the two forces may counteract each other; for example, a preferred codon ending in G or C in an AT-rich genome may have its frequency only slightly Ͼ50% for highly expressed genes. This observation might explain why the high divergence between the K. waltii-A. gossypii and the Saccharomyces sensu stricto species occurred mostly in highly expressed genes.
Gao and Innan (4) estimated the expected length of concerted evolution in S. cerevisiae as 25 million years, based on the theory the same group had proposed earlier (20) ( f ϭ 9 of 51; 51 gene pairs shows concerted evolution at the divergence time between S. cerevisiae and S. bayanus, whereas 9 gene pairs are still under concerted evolution at the divergence time between S. cerevisiae and S. paradoxus). We selected 18 gene pairs for which the paralogues and orthologues in S. cerevisiae, S. paradoxus, and S. bayanus are all available and with CAI Ն 0.7. We detected gene conversion in 11 S. cerevisiae gene pairs. When we used S. paradoxus to calculate the orthologous distance instead, 6 gene pairs still have gene-conversion events detectable. The expected length of concerted evolution for S. cerevisiae genes with CAI Ն 0.7 thus estimated is 70 million years ( f ϭ 6 of 11, from S. cerevisiae-S. bayanus divergence to S. cerevisiae-S. paradoxus divergence). Note that this value may be underestimated because these genes are highly constrained and have evolved slowly. Informative sites indicating gene conversion may be too few to make the statistics significant. However, we obtained a similar estimate by assuming that the duration of concerted evolution started at the WGD event, and the WGD occurred 100 million years ago ( f ϭ 12 of 21, from WGD to S. cerevisiae-S. bayanus divergence). Using the same method, we can estimate the expected lengths of concerted evolution for S. cerevisiae genes with CAI between 0.5 and 0.7 and CAI Ͻ 0.5 as 20 million years and 10 million years, respectively ( f ϭ 4 of 31 and 4 of 238, from WGD to S. cerevisiae-S. bayanus divergence).
In summary, our analysis suggests that codon-usage bias and protein functional conservation might have been more important than gene conversion for the decelerated evolution of WGD duplicate genes in yeasts. Note that gene conversion occurs only occasionally, whereas codon-usage constraint and functional constraint of proteins are constant forces that slow down sequence evolution. Furthermore, the rate of gene conversion decreases as sequence divergence increases. For this reason, gene conversion may not be an effective means for long-term maintenance of sequence similarity between duplicate genes in the absence of codon-usage constraint or functional constraint. In contrast, both codon-usage constraint and protein functional constraint can slow down sequence evolution in the absence of gene conversion. Of course, the three factors can have synergistic effects in maintaining high sequence similarity between paralogues.
Materials and Methods
Sequence Data. We used the WGD gene pairs in S. cerevisiae and their orthologues in K. waltii (3) and A. gossypii (11) and included their syntenic orthologues from three other species, S. bayanus, S. mikatae, and S. paradoxus (8) . All sequences were aligned by using the amino acid sequences with CLUSTAL W 1.83 (21) and back-translated to the DNA level. The K S values were estimated by using PAML 3.14 (22) . CAI values (9) , each of which indicates the strength of codon-usage bias, were obtained from the Munich Information Center for Protein Sequences (MIPS) (Neuherberg, Germany) (23) for S. cerevisiae genes.
Identification of Gene-Conversion Events. Numerous methods for gene-conversion identification have been developed, but these methods are either not suitable or not powerful enough for this analysis. For example, S. Sawyer's (24) method uses measures of the distribution of identical synonymous sites between sequence pairs to identify candidate regions of conversion. This method assumes a neutral evolutionary process for synonymous sites and may, therefore, not be suitable for yeast genes in which codonusage bias affects synonymous substitution. More importantly, this method does not use any outgroup for reference, so it is, in general, less powerful than phylogeny-based methods. Other methods, such as those of Jakobsen and coworkers (25, 26) , rely on the examination of site-by-site phylogenies, and the phylogeny for each site in a multiple alignment of paralogues and orthologues is tested for its support of conversion. Although these methods are similar to ours, they suffer when there are multiple substitutions at individual sites (27) . Multiple substitutions may, again, be a problem in our analysis, because we are examining the ancient duplicates retained from the WGD in yeast, in which multiple substitutions are common. Therefore, we have developed a related algorithm for conversion identification.
We used WGD orthologues in the four genomes, S. cerevisiae, S. bayanus, S. mikatae, and S. paradoxus. At nucleotide position i, let D i equal the number of nucleotide differences between the two nucleotides in paralogous gene 1 and gene 2 in species 1 (the species under study), and B ji equal the number of nucleotide differences in gene j (j ϭ 1, 2) between species 1 and its orthologue in species 2. Let B i ϭ (B 1i ϩ B 2i )͞2. Sequences with gaps longer than 50% of the alignment were removed. For a gene under study, species with only one (or no) paralogue available are also removed. Gaps are all removed. For S. cerevisiae, S. paradoxus, or S. mikatae, B i is calculated between the species under study and S. bayanus. For S. bayanus, B i is calculated as the average of the differences between S. bayanus and the available three species.
Under the null hypothesis of no gene conversion, the distance (number of differences) between the two paralogues in a species should be larger than or equal to the distance between orthologues, i.e., D i Ϫ B i Ն 0, because the duplication event occurred before speciation. Dynamic programming is used to select the segment from site m to n that maximizes criterion, because the WGD event occurred earlier than speciation events. The estimated probability is
[1]
However, this segment always has its first and last sites supporting B i Ͼ D i , which may cause an overestimate of the significance. Therefore, we remove the first or the last site of the segment, and recalculate B and D as ͚ iϭmϩ1 n B i and ͚ iϭmϩ1 n D i or ͚ iϭm nϪ1 B i and ͚ iϭm nϪ1 D i and obtain binomial probabilities P 1 and P 2 , respectively. The higher value of P 1 and P 2 is used.
The segments thus identified with the paralogous distance significantly smaller than the orthologous distance might potentially be derived from gene conversion. However, many possible segments of N sites can be selected from the entire gene sequence, so we need to take this factor into consideration. Therefore, for each segment with a binomial probability P Ͻ 0.01 computed from Eq. 1, we construct an empirical distribution of B for a segment of length N using 10,000 bootstrap samples from {B 1 , B 2 , .., B L }, where L equals alignment length for the gene under consideration. Then, it is possible to determine the significance of D by counting the proportion of samples for which D Ͻ B. Segments with a binomial probability P Ͻ 0.01 and with an empirical probability Ͻ0.01 are considered candidate gene conversions.
Codon-Usage Frequencies and tDNA Genes. Relative frequencies of codon usage in orthologues of WGD genes were calculated for the genomes of K. waltii, A. gossypii, S. cerevisiae, S. bayanus, S. mikatae, and S. paradoxus. Two sets of gene pairs were obtained. S. cerevisiae genes with CAI Ͼ 0.5 were classified into the highly expressed set and so were their orthologues in other species, whereas genes with CAI Ͻ 0.2 were classified into the less expressed set. The 2 test was used to examine whether a codon is favored in highly expressed genes compared with less expressed genes. We obtained tDNA genes of S. cerevisiae from the Munich Information Center for Protein Sequences (MIPS), and used the sequences and genomic BLAST in the National Center for Biotechnology Information (NCBI) to identify orthologues in the other five genomes.
